We determined fine root biomass and production of 15-, 35-and 100-year-old Scots pine (Pinus sylvestris L.) stands during three growing seasons. Fine roots were sampled by the soil core method. Mean (± SE) annual fine root biomass of Scots pine in the 15-, 35-and 100-year-old stands was 220 ± 25, 357 ± 21 and 259 ± 26 g m -2 , respectively. Fine root biomass of the understory vegetation was 159 ± 54 g m -2 , 244 ± 30 and 408 ± 81 g m -2 , and fine root necromass was 500 ± 112, 1047 ± 452 and 1895 ± 607 g m -2 in the sapling, pole stage and mature stands, respectively. Both understory and Scots pine fine root production increased with stand age. Mean annual Scots pine fine root production was 165 ± 131, 775 ± 339 and 860 ± 348 g m -2 year -1 in the sapling, pole stage and mature stand, respectively. The respective mean annual production of all fine roots (Scots pine and understory) was 181 ± 129, 1039 ± 497 and 1360 ± 869 g m -2 year -1 . The Scots pine and understory fine root biomass, necromass and production varied in relation to stand age, although the variation was not statistically significant.
Introduction
Fine roots account for most of the surface area and length of coniferous forest root systems, and are therefore important components of forest biomass (Persson 1983) . Root biomass (coarse and fine roots) as a proportion of total tree biomass varies between 18 and 45%, depending on the species, age and site (Santantonio et al. 1977 , Fogel 1983 ). More than 50% of annual production is allocated belowground in many forests (Harris et al. 1977 , Fogel and Hunt 1979 , Santantonio and Hermann 1985 , Vogt et al. 1990 , Ruess et al. 1996 , Steele et al. 1997 .
Fine root growth occurs relatively independently of shoot growth, and the temporal variation in root growth is largely determined by environmental conditions, especially soil temperature, water content, strength (density and compaction) and aeration (Lyr and Hoffmann 1967 , Tryon and Chapin 1983 , Persson 1992 , Steele et al. 1997 . Competition among individuals of the same species, as well as among different plant populations, influences the process of root growth (Persson 1983) .
Despite the important role of fine roots in stand dynamics, relatively few studies have been carried out on fine root biomass or production in relation to stand age. Fine root biomass values have been reported for 15-to 178-year-old Scots pine (Pinus sylvestris L.) stands (Vanninen and Mäkelä 1999) , 15-to 20-and 120-year-old Scots pine stands (Persson 1983 (Persson , 1984 , 11-and 163-year-old Douglas-fir (Pseudotsuga menziesii Mirb.) stands (Vogt et al. , 1987 , and 23-and 180-year-old Pacific silver fir (Abies amabilis (Dougl.) Forbes) stands . The aim of this study was to estimate fine root biomass and production in three Scots pine stands (15-year-old sapling stand, 35-year-old pole stage stand and 100-year-old mature stand) in eastern Finland during three successive growing seasons.
Materials and methods

Site description
The study was carried out in Scots pine stands near the Mekrijärvi research station of the University of Joensuu, at Ilomantsi (62°47′ N, 30°58′ E, 144 m a.s.l.). The stands represented different stages of stand development: sapling, pole stage and mature. One study plot without replicates was established in each stand (Table 1) . The stands were situated on sites of similar fertility and soil type within 500 m of each other. The soil type (Table 2) is a ferric podzol (FAO-Unesco 1988) and is relatively infertile. The mineral soil down to a depth of 60 cm is sorted glacio-fluvial sand. The proportions of clay and coarse sand are about 2 and 50%, respectively. Compact till occurs below the sorted layer (Helmisaari and Mälkönen 1989) .
The site is a Vaccinium forest site type, according to the classification of Cajander (1949) . Although the stands were situated on a similar type of soil, soil water content varied among the stands. The soil in the sapling stand was drier than in the pole stage or mature stand because of a deeper groundwater level and lower stand density. The soil in the mature stand had a higher water content than that of the average Vaccinium forest site type because of a higher groundwater level.
Mean annual temperature was 1.0°C and annual precipitation was 699 mm during the study period (1985) (1986) (1987) (1988) . The long-term annual means ) were 1.9°C and 649 mm, respectively (Finnish Meteorological Institute 1991) . Temperature and precipitation data are from the Ilomantsi station of the Finnish Meteorological Institute (62°40′ N, 30°57′ E, 162 m a.s.l.), located about 12 km from the stands. About 40% of annual precipitation falls as snow, and there is a permanent snow cover from October to May (Helmisaari and Mälkönen 1989) .
Root sampling
Ten sampling rounds were carried out in the sapling stand, and 11 sampling rounds in the pole stage and mature stands during the growing seasons of [1985] [1986] [1987] [1988] . Twenty soil cores (volumetric samples, core diameter 36 mm) per sampling were taken. The soil cores were divided into three layers by depth: the humus layer, and the 0-10 cm and 10-30 cm mineral soil layers. The samples were stored at -18°C until analyzed.
Laboratory analysis
In the laboratory, the roots were washed free of soil and classified into those of trees or understory vegetation, and then further classified according to diameter and physiological status (living and dead). Living Scots pine roots were distinguished from living understory roots on the basis of their mycorrhizae, color and thickness. Dead roots were distinguished from living roots on the basis of their color and consistency (Vogt and Persson 1991) . The roots were sorted into two diameter classes: fine (< 2 mm) roots (Persson 1983 and coarse (> 2 mm) roots. Fine roots are generally defined as non-woody, small diameter roots (Nadelhoffer and Raich 1992) , but there is no established convention defining the diameter range of fine roots (Fogel 1983 ).
The sorted roots were dried at 70°C for 5 days and weighed. Ash content of the fine roots was determined by combusting the fine root samples for 3 h at 550°C in a muffle furnace (Halonen et al. 1983) . Fine root necromass of Scots pine was estimated from total fine root necromass based on the ratio between Scots pine fine root biomass and total fine root biomass. Total fine root production was calculated by balancing the living and dead fine root mass compartments according to the decision matrix presented by Santantonio (1980) , McClaugherty et al. (1982) and Fairley and Alexander (1985) .
Calculations and statistical analysis
The biomass data were analyzed by one-and two-way analysis of variance (BMDP 7D ver. 1990 , SPSS, Inc., Chicago, IL) to determine differences between stands and between years, except for 1986. In 1986, the samples were combined to give a composite sample (one sample per sampling in each stand), so no statistical analyses could be performed.
Differences in fine root production between years in different stands could not be tested because of the lack of replicate stands. in the 100-yearold mature stand during the 3-year measurement period (Figure 1a-c) .
Results
Fine root biomass (g m
The understory vegetation fraction consisted of all living dwarf shrub and grass fine roots. The mean fine root biomass of the understory vegetation varied from 79 to 320 g m -2 , from 189 to 323 g m -2 , and from 286 to 646 g m -2 in the sapling, pole stage and mature stands, respectively (Figure 1d-f) .
The dead root (necromass) fraction consisted of dead Scots pine, dwarf shrub and grass fine roots. The mean fine root necromass varied annually from 202 to 721 g m -2 , 203 to 2325 g m -2 , and 572 to 2762 g m -2 in the sapling, pole stage and mature stands, respectively (Figure 1g-i) .
The depth distribution of biomass and necromass of fine roots varied with stand age. Most of the Scots pine fine roots were located in the mineral soil in the mature and pole stage stands. In the sapling stand, most fine roots were in the humus layer and upper mineral soil layer. Almost all the fine roots of the understory vegetation in the three stands were located in the humus layer and upper mineral soil layer. Most of the necromass was present in the upper soil layers.
The seasonal variation of Scots pine fine root biomass in the different stands was statistically significant only in the mature stand between June and July, 1988 (P < 0.001) and June and October, 1988 (P < 0.01). The fine root biomass of the understory vegetation varied seasonally only in the pole stage stand between July and October, 1988 (P < 0.001). Fine root necromass varied seasonally in both the pole stage and the mature stand in 1987: in the pole stage stand between June and July (P < 0.001) and July and September (P < 0.001), and in the mature stand between June and July (P < 0.001) and June and September (P < 0.001). In 1988, there was significant variation in fine root necromass between June and October both in the pole stage stand (P < 0.01) and in the mature stand (P < 0.01).
There were several significant differences between the stands in fine root biomass of the understory vegetation and total necromass, but only one instance of a significant difference between stands in Scots pine fine root biomass (Table 3) . Most significant differences were found between the sapling and mature stand or between the pole stage and mature stand.
Mean annual production of Scots pine fine roots was 165 g m -2 year -1 in the sapling stand, 775 g m -2 year -1 in the pole stage stand and 860 g m -2 year -1 in the mature stand (Table 4) . Mean annual fine root production of the trees, dwarf shrubs and grasses in the Scots pine stands was 181, 1039 and 1360 g m -2 year -1 in the sapling, pole stage and mature stands, respectively.
Discussion
Tree biomass and its distribution between the above-and belowground tree components vary among species and among stands of different age. In boreal pine forests, belowground biomass is 37% of aboveground biomass and 27% of total tree biomass (Gower et al. 1994 ). According to a study carried out by Helmisaari (1995) on the same stands used in this study, the relative proportions of above-and belowground biomass were 73 and 27%, 78 and 22%, and 87 and 13% in the sapling, pole stage and mature stands, respectively.
Scots pine fine root biomass was greatest in the pole stage stand and lowest in the sapling stand, whereas fine root biomass of the understory vegetation increased with increasing stand age. In the pole stage stand, there may have been less root competition between species and thus more space, nutrients and water available for tree root growth.
Our fine root biomass values were greater than values reported by Persson (1979 Persson ( , 1983 (1988) for Scots pine. However, results comparable with ours have been reported by Aber et al. (1985) for white pine (Pinus strobus L.), McClaugherty et al. (1982) for red pine (Pinus resinosa Ait.), Oleksyn et al. (1999) for Scots pine, Steele et al. (1997) for jack pine (Pinus banksiana Lamb.), Vanninen and Mäkelä (1999) for Scots pine, Vogt et al. ( , 1987 for Douglas-fir and Helmisaari and Hallbäcken (1999) for Norway spruce (Picea abies (L.) Karst.). Mean annual fine root necromass decreased with decreasing stand age. Persson (1979 Persson ( , 1983 reported that the necromass was 125 g m -2 in a 15-to 20-year-old and 114 g m -2 in a 120-year-old Scots pine stand, which is less than the necromass obtained in our study. In contrast, the results presented by McKay and Malcolm (1988) and McClaugherty et al. (1982) are comparable with our results.
The ratio of necromass to total fine root biomass increased with increasing stand age, with values of 58% in the sapling stand, 68% in the pole stage stand and 75% in the mature stand. At the same time, the ratio of live to dead roots decreased with decreasing stand age. Thus, the older the stand, the greater the proportion of dead fine roots. Our results are comparable with the values of 80% reported by McKay and Malcolm (1988) , and 71% reported by Santantonio and Santantonio (1987) , but more than the value of 45% reported by Persson (1980) . In our study, the dead fine roots included both roots that had 196 MAKKONEN AND HELMISAARI TREE PHYSIOLOGY VOLUME 21, 2001 died recently, and those that had already decomposed to some degree, but could still be identified as roots. Dead roots differ from living roots in their color and consistency, but the reliability of classifying roots as living or dead and distinguishing dead roots from soil organic matter decreases with decreasing root diameter, which may have introduced some errors. Small mineral soil particles may be tightly bound to the mycorrhizae, thus affecting the dry weight values. However, in our study the ash content of the fine roots in the pole stage stand was less than 10%. The depth distribution of roots in stands of different ages varies. In our study, the majority of dwarf shrub roots and grass roots-most of which are shallow-rooted-were in the humus layer and in the mineral soil lying immediately below it, whereas most of the Scots pine roots were located in the mineral soil layers. Similar results have been reported by Mälkönen (1974) , Oleksyn et al. (1999) , Persson (1979 Persson ( , 1983 and Santantonio and Santantonio (1987) .
Both Scots pine and total fine root production increased in the order: sapling < pole stage < mature stand. Our production values were greater than that reported by Persson (1979 Persson ( , 1983 of 60-200 g m -2 year -1 in 15-to 120-year-old Scots pine stands. However, our results are comparable with those of Aber et al. (1985) , who reported the annual fine root production of young white pine stands varied between 140 and 162 g m -2 year -1 depending on the calculation method. The great variation in biomass and necromass and the high fine root production in this study might be caused by environmental factors, particularly precipitation, soil water and temperature and their interannual variation. The warm and dry July of 1988 may have resulted in a low soil water content as a result of rapid evaporation of precipitation before it had percolated into the soil (Makkonen and Helmisaari 1998) . The Scots pine fine roots, in particular, may have subseqently suffered from drought; Scots pine roots are more sensitive to drought than those of dwarf shrubs and grasses (Heindrick and Pregitzer 1992) .
Although all three Scots pine stands were growing on the same Vaccinium site type, the existing gradient in soil water may also have contributed to the variation among stands. Water content in the litter and humus layers and fine root distribution are correlated. This relationship could be attributed to high growth rates in the frequently wet soil or high root mortality in the dry parts of the sites, or both (e.g., Comeau and Kimmins 1989, Gower et al. 1992) . Variation in soil water content is largely responsible for the spatial heterogeneity of roots (Deans 1979) . The main effect of increased soil water content is an increase in the rate of decomposition and mineralization of dead roots, which increases the availability of critical nutrients in the soil. Fine root production may also vary substantially from year to year, and the annual variation may be even greater than the variation among sites (Persson 1984) .
Another possible explanation for the high fine root production observed in this study may be associated with calculation procedure. When total belowground production is calculated by balancing the living and dead root biomass compartments, the cumulative estimates are dependent on the sum of the differences observed between a series of observations. Thus, variation in the precision of the biomass estimates from month to month may have affected the calculated production values. Fairley and Alexander (1985) and Vogt et al. (1986) thus recommend that only significant differences between individual biomass estimates should be included in the cumulative production estimates. The biomass and necromass varied considerably during the study period, but the variation was significant on only a few sampling occasions. Consequently, the calculations could not be based only on significantly different values. Thus, the fine root production in our study may have been overestimated by a maximum of 30-35% (Fairley and Alexander 1985) .
